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Secondary photons and neutrinos produced in the interactions of cosmic ray protons emitted 
by distant Active Galactic Nuclei (AGN) with the photon background along the line of sight can 
reveal a wealth of new information about the intergalactic magnetic fields (IGMF), extragalactic 
background light (EBL), and the acceleration mechanisms of cosmic rays. The secondary photons 
may have already been observed by gamma-ray telescopes. We show that the secondary neutrinos 
improve the prospects of discovering distant blazars by IceCube, and we discuss the ramifications 
for the cosmic backgrounds, magnetic fields, and AGN models. 
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AGN are believed to be the most powerful sources of 
both 7 rays and cosmic rays. The 7-ray observations 
are more easily associated with the sources, while the as- 
sociation of ultrahigh-energy cosmic rays (UHECR) with 
the sources is complicated by the deflections due to Milky 
Way magnetic fields 

It was recently pointed out that interactions of cosmic 
rays emitted by AGN with the photon background along 
the line of sight can produce 7 rays that may have already 
been observed by the Cherenkov telescopes . The spec- 
tra of 7 rays observed from distant blazars [3( are readily 
reproduced by the secondary photons produced in inter- 
actions of cosmic rays with the cosmic backgrounds Q ■ 
While there is little doubt that AGN are ample sources 
of primary 7 rays, these primary photons are subject to 
attenuation at TeV energies due to the pair production 
losses on the extragalactic background light (EBL). The 
secondary photons produced by proton-photon interac- 
tions nearby can replace the primary photons in the high- 
energy tails of the spectra observed from the most distant 
blazars. 

This possibility, which is interesting in its own right, 
has far-reaching implications for both the extragalactic 
background light (EBL) and intergalactic magnetic fields 
(IGMF). Indeed, 7-ray observations provide a unique 
probe of EBL, assuming the signals are pure primary pho- 
tons, uncontaminated by secondary photons This 
assumption may be incorrect since protons emitted by 
AGN can contribute to 7-ray signals, as evidenced by 
the 7-ray spectra of several distant blazars that do not 
show an expected attenuation at energies above TeV. The 
lack of attenuation could be evidence of a relatively low 
EBL 0, l9l4Tl| , very hard emission spectra Q , or of some 
new physics in the form of axion-like particles fl2j . or 
Lorentz invariance violation Q. A less exotic explana- 
tion is that the secondary photons replace primary pho- 
tons in the high-energy tails of the AGN spectra, hence 
creating a spectrum without a cutoff that is well fit to 



AGN at relatively high redshift 0. 

In this paper we explore the multi-messenger signals 
of AGN focusing, in particular, on the neutrinos accom- 
panying the secondary photons. AGN are expected to 
accelerate cosmic rays to energies up to ~ 10 11 GeV, but 
most likely have a high energy cutoff below that due 
to interactions at the source. Thus we will consider cut- 
offs in the range 10 8 GeV - 10 11 GeV. Cosmic rays with 
energies below the Greisen-Zatsepin-Kuzmin (GZK) cut- 
off 14) of about 3 x 10 10 GeV can cross cosmological dis- 
tances without a significant energy loss. However, with 
a small probability, these protons do interact with the 
cosmic backgrounds and produce photons. Our investi- 
gation differs form the earlier studies of neutrino signals 
from AGN 15], which assumed that all the pion produc- 
tion occurs at the source. We will discuss the important 
differences in the two types of signals: from the hadronic 
interactions in situ and along the line of sight. We will 
concentrate on protons with energies below the GZK cut- 
off, which can travel cosmological distances; we will not 
discuss the cosmogenic neutrinos produced by protons 
with energies above the GZK cutoff [lj|. 

The secondary photons are generated in two types of 
interactions of UHECR along the line of sight. First, 
the proton interactions with CMB photons can produce 
electron-positron pairs and give rise to an electromag- 
netic cascades due to what is called proton pair produc- 
tion (PPP), P7 CMB — » pe + e~ [17fl . Second, proton inter- 
actions with the EBL can produce pions, which decay and 
produce photons as well in the reactions P7 EBI 
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— > nn + . While the PPP process is not associated 



with any neutrinos, the pion photoproduction generates 
a neutrino flux related to the 7-ray flux. The relative 
importance of the two processes depends on the proton 
injection spectrum, which we will parameterize by a con- 
stant power-law exponent a and maximal energy E m z X : 
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Although the spectral index a = 2.7_^]i ) gives a good 
fit to the UHECR data at the highest energies [18| . 
the measured spectrum is a superposition of individual 
sources with different values of i? m ax- Thus we consider 
a smaller value of a « 2, which agrees with the data at 
lower energies 18]. The parameters a and E max deter- 
mine the power in the highest-energy cosmic rays, which 
pile up around the GZK energy and contribute to the 
PPP process. As for the pion photoproduction on EBL, 
it is mainly due to the lower part of the proton spec- 
trum, at energies of the order of 10 8 GeV. The predicted 
spectral shape of secondary photons is not very sensi- 
tive to the variations in a and E max ; it is determined 
primarily by the spectrum of the background photons. 
The model predictions agree with the data on the most 
distant sources [2J for an effective luminosity of a sin- 
gle AGN in cosmic rays above 10 7 GeV in the range 
L c s = (10 47 — 10 49 ) erg/s. The observed luminosity is 
boosted by the beaming factor due to the AGN's rela- 
tivistic velocity with the blazar jet pointing at Earth. 
Thus we can express the effective luminosity as 
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where / p < 1 is the fraction of protons in cosmic rays 
(which may also contain some heavy nuclei [3). Thus 
a source luminosity of 10 45 — 10 47 erg/s could easily pro- 
vide the required power in protons and is consistent with 
theoretical models fl8j . 

While the AGN energetics and fluxes are consistent 
with observations of secondary photons, and while the 
spectra observed by MAGIC and VERITAS are well fit 
by the model 0, the secondary photons only point back 
to the sources if the IGMF is relatively small. Since the 
P7ebl interactions take place well outside the galaxy clus- 
ters of both the source and the observer, the cluster mag- 
netic fields are irrelevant for this discussion. Although 
one expects larger fields in filaments and walls, only the 
IGMF present deep in the voids along the line of sight 
is important 0. Within the host galaxy, the directions 
of the protons could be altered by the galactic magnetic 
fields, but the broadening of the image due to any deflec- 
tions in the host galaxy cannot exceed A9 ~ r/D SQUIce , 
where r is the size of the host galaxy, and -D S ourcc is 
the distance to it. Furthermore, the outflows of the jets 
from an AGN are likely to contain coherent magnetic 
fields aligned with the jet, so that the accelerated pro- 
tons remain in the scope of the initial jet rather than get 
deflected, so that the beaming factors are not affected 
significantly. The possible thin walls of magnetic fields 
that may intersect the line of sight cannot introduce a 
deflection by more than A8 ~ h/D wa x\, where h is the 
wall thickness and -D W aii is the distance to the wall. 

However, the IGMF in the voids can defocus the im- 
ages of distant sources in secondary photons. Con- 
strained simulations [201422T ] predict a very inhomoge- 
neous distribution of the magnetic fields characterized by 
large voids, thin voids, and thin filaments, but, as em- 



phasized in Ref. [2(|, the results of these models should 
be taken as upper limits on IGMF. While IGMF with 
nano-Gauss strengths can be accommodated in a model, 
the fields in the voids as low as 10~ 18 G are also con- 
sistent with all the astrophysical data. If the galactic 
magnetic fields arise as a result of a dynamo mechanism, 
the seed fields of the order of 10 -20 G are required. The 
seed fields can be primordial [23| . or they can originate 
from the Biermann effect [24j. Future studies of gamma 
ray signals can detect or constrain the IGMF 0, [25[ . 

The secondary photons preserve the directions and cre- 
ate images of distant blazars if the average IGMF in the 
voids are of the order of 10 -14 G or smaller 0. One im- 
portant test is the time variability. A rapid time variabil- 
ity can be destroyed by the delays in the proton arrival 
times caused by the IGMF. On the other hand, such de- 
lays can explain the reported mismatch of time scales 
for X-ray and VHE variabilities 
usual energy-dependent time lag 



26| , as well as some un- 
271 ] . One has to be care- 



ful drawing conclusions from these observations because 
photons of different energies may originate from different 
regions in the source, and also because one must distin- 
guish between the stochastic fluctuations in the arrival 
times of secondary photons and an intrinsic source vari- 
ability. We leave this for future work. 

Aside from some possible exotic explanations, one can 
phrase the dilemma as follows: the lack of high-energy at- 
tenuation in the spectra of distant 7-ray sources indicates 
either a low EBL, or a low IGMF. In the former case, the 
observed 7 rays can come from distant sources (except 
for those cases where the local photon density may be 
too high to allow the escape of TeV photons [28|,[2!|). In 
the latter case, the observed 7 rays are secondary pho- 
tons produced along the line of sight. Of course, if both 
EBL and IGMF are small, then the observed signal can 
be a combination of primary and secondary photons, and 
the ratio of secondary to primary fluxes should increase 
with the distance to the source. 

If IceCube observes AGN as sources of UHE neutri- 
nos, one can confirm that hadronic interactions do take 
place, and there should be a corresponding flux of pho- 
tons. If the images of AGN in photons and neutrinos are 
not pointlike, but are surrounded by halos, it is a confir- 
mation that the pion photoproduction takes place along 
the line of sight, not at the source. Of course, the angular 
resolution of IceCube limits the application of this test. 

We show in Fig. 1 the neutrino spectra calculated nu- 
merically for a single AGN at redshift z=0.14, such as 
1ES0229+200, for which the secondary photons fit HESS 
observations very well (Fig. 2). We have also consid- 
ered neutrinos from a closer source, such as Mrk421 or 
Mrk501, for which the gamma-ray spectra probably con- 
tain a mixture of primary and secondary photons, with 
the latter dominating at high energies. 

IceCube can search for point sources in up-going events 
at low energy [33| . and can explore the higher energies 
using the downgoing events [34j. The results presented 
in Fig. 1 are not within the current reach of IceCube, but 
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FIG. 1: Expected neutrino spectra from an AGN at z = 0.14 
(such as 1ES0229+200) for three EBL models: Franceschini 
et al. [H (dash-dotted line), Primack et al. [30( ] (short-dashed 
line), and Stecker et al. [lCf] (long-dashed line). The cos- 
mic ray emission power above 10 7 GeV, L sourcc , consistent 
with HESS data for / bcam = 10 2 and £ max = 10 8 GeV is 
2 x 10 47 erg/s, 1.5 x 10 47 erg/s, and 6 x 10 46 erg/s, respectively. 
The solid line corresponds to an AGN at z = 0.03, such as 
Mrk421 and Mrk501, assuming L sourcc = 5 x 10 47 erg/s and 
/beam = 10 2 . The IceCube sensitivity for 1ES0229+200 is 
shown for 80 strings with 1 year exposure time, and the sen- 
sitivity for Mrk421 and Mrk501 is for 22 strings with 0.75 year 
exposure time [3ll |. 



should be within the reach of IceCube80 for the Stecker 
EBL model. Of course the lower EBL models would re- 
quire a longer exposure time to be within IceCube80's 
sensitivity. 

The AGN models have many uncertainties, and a de- 
viation in the model parameters from the values we have 
assumed for the spectrum and the beaming factor of 
UHECR can affect the predictions of our model, but a 
variety of parameters leave the AGN within IceCube's 
predicted range. For instance a > 2 increases the L e g 
needed to normalize to gamma ray data and makes the 
source brighter for IceCube. Thus IceCube may be able 
to distinguish between certain model parameters. In par- 
ticular, the position of the energy peak in neutrinos is 
sensitive to E max , unlike the gamma rays. 

If the point sources are detected by IceCube, one can 
test the hypothesis of secondary photons and neutrinos. 
One test is the fuzziness of the pointlike sources: equal 
halos around the blazar images in 7 rays and neutrinos 
would indicate that both of them are secondary particles 
produced in proton interactions with EBL. The applica- 
tion of this test may be complicated by the limitations in 
the IceCube angular resolution. However, the mere fact 
that some very distant sources are observed, along with 
some luminosity-distance relations can prove that the ob- 
served particles are secondary. The proton flux is pro- 
portional to 1/Z?g 0urcc , while the probability of a proton 
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interaction with EBL is proportional to distance D, 
The parameter 6(z) accounts for the evolution of the EBL 



FIG. 2: Photon (low energy) and neutrino (high energy) 
spectra expected from an AGN at z = 0.14 (such as 
1ES0229+200), normalized to HESS data points (shown), 
with a = 2, for EBL of Ref. [l(J, and for S max = 10 8 GeV, 
10 10 GeV, and 10 11 GeV shown by the solid, dashed, and dash- 
dotted lines, respectively. The L e g for each -E" m ax was set at 
6 x 10 48 erg/s, 2 x 10 46 erg/s, and 9 x 10 45 erg/s, respectively. 



with redshift and varies over the range S(z) = 0.2 — 0.8 

for redshifts z = 0.1 — 1. The resulting l/i?source scaling 
of both secondary photons and neutrinos could be used 
as a statistical test of their origin by comparing the sig- 
nals from blazars at different distances. This is different 
from the l/£>g Ourc0 scaling expected for primary neutri- 
nos produced at the source, and it is also different from 
the expected spectral properties of 7 rays, which should 
show a suppression due to their interaction with EBL. 
This is probably the strongest test of the model, since 
such a scaling would be difficult to explain otherwise. A 
detection of some distant sources by IceCube would help 
distinguish between our model and the alternatives since 
a 1/-Ds 0urcc scaling would quickly drop the flux below 
IceCube's sensitivity. The data on the variety of distant 
AGN observed by the existing 7-ray telescopes may also 
allow an application of this test in the very near future. 

If our mechanism, along with its requisite assumption 
of low IGMF, is confirmed, then 7-ray and neutrino data 
may be used to study the UHECR sources at distances 
far beyond the GZK cutoff. For example, 7-ray bursts 
(GRB) are also likely sources of UHECR [35j]. The GRB 
observed by the 7-ray instruments occur at distances well 
in excess of the GZK radius. However, the interactions 
of UHECR produced in GRB with EBL along the line 
of sight can generate the fluxes of photons and neutrinos 
that can be used to confirm the production of UHECR 
in GRB. 

The unique properties of our model mentioned above 
should be easily testable in the near future since the 
multi- wavelength and multi-particle observations of AGN 
are ongoing. With more data, it will be possible to test 
scaling arguments, particle content, and the absence of 
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the spectral suppression features, so that one can distin- 
guish between the models and discover some fundamental 
properties of both AGN and the intergalactic space. The 
neutrino observations are likely to play a key role in this 
exploration. 

We note in passing that our interpretation of 7-ray ob- 
servations broadens the range of possibilities for hadronic 
models of 7-ray production, such as in Ref. [36|, and al- 
lows the primary neutrinos to have a different spectrum. 
So far, the hadronic models [36[ concentrated on pp reac- 
tions, and not pj reactions, because the high density of 
photons at the source would stymie the production of pri- 
mary very high energy (VHE) 7 rays. This constraint is 
eliminated by the possibility that it is secondary, not pri- 



mary photons that account for the observed VHE spectra 
of blazars. Since, in our case, the secondary TeV 7 rays 
are produced outside of the host galaxy, their observation 
is not in contradiction with the assumption of a high pho- 
ton density at the source, which is required for neutrino 
production in pj interactions. We leave this possibility 
for future work. 
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